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Abstract 
 
Crosslinked polymer networks have applications in the coating, paints, and adhesive industries to 
protect the substrate and endow the specific functional properties on surface, as well as in biomedical 
applications, wearable sensors, and lithium ion batteries, thus the control of corsslinking is a very 
important research area. 
 
The control of crosslinking also plays a crucial role in the maintenance of pipelines and chemical tanks. 
The majority of chemical spill accidents are caused by leaks from chemical transfer pipes or tanks, so 
the periodic maintenance of chemical facilities is vital. If cracks are found in transfer or storage units 
during such inspections, they must be blocked rapidly by using an emergency crack recovery process 
in order to prevent the further spread of toxic chemicals. The appropriate crosslinking mechanism 
should be selected for this purpose. 
 
The diverse reaction pathways and mechanisms of thiol-X ‘click’ chemistry have received extensive 
attention from physicists, biologists, chemists, and chemical, biomedical, electrical, and mechanical 
engineers because of their convenience and wide range of applications. In particular, the rates of 
crosslinking reactions can easily be controlled by using thiol-X click chemistry. Therefore, this 
chemistry offers a basic mechanism for the use of temporary restoration materials in hazardous chemical 
control. 
 
In this thesis, I used a visualization technique to monitor the reaction kinetics of thiol-epoxy polymer 
networks (TEPNs). In order to track the variations in pH during the thiol-epoxy click reactions, a small 
amount of the pH indicator thymol blue was added to the TEPN formulations. Secondly, I designed a 
dual-stimuli-responsive self-reporting coating that can sense both crack occurrence and pH variation in 
chemical reservoir coatings. Finally, I developed a novel UV-curable patch system with high chemical 
resistance and adhesion properties for the rapid blocking of cracks in chemical reservoirs. 
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Chapter 1. Introduction   
 
1.1.Motivation and background of this research 
 
The properties of crosslinked polymer networks are significantly affected by the conditions of the 
crosslinking reactions used to generate them, such as the reaction rate, temperature, and degree of 
conversion. Therefore, with the aim of generating networks with storage moduli suitable for various 
applications (e.g., coatings, paints, adhesives, and sensors), my studies have concentrated on controlling 
the crosslinking behavior. In particular, I have focused on low temperature rapid crosslinking of reactive 
polymers that change from liquid to solid state. The findings of this research can be used to develop fast 
curing adhesives and protective coatings. 
 
 
 
Figure 1. The usage of crosslinked polymer network according to storage modulus 
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Recently, accidents of toxic chemical spills are increasingly affecting large-scale and have a fatal 
impact of human ecosystem as shown in Figure 2. Developed countries devote to develop the 
technology that can cope with the toxic chemical spill within the golden time from the moment of 
recognition. Henkel, Germany, develops and supplies epoxy compounds in the Loctite series that can 
quickly cover cracks and leaks in metal and nonferrous metal materials. Devcon has developed and 
supplied a fast-curing epoxy putty approved by the U.S. Department of Defense for various emergency 
repairs. The heavy chemical industry accounts for a high proportion of industrial activity in Korea, and 
most of the infrastructure for this industry was built in the 1980s. As can be seen in Figure 3, the rate 
of accidents at these facilities has increased in the last 10 years as the infrastructure has aged. 
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Figure 2. (a) Recently occurred chemical accidents (b) Temporary restorative materials (c) protective 
coatings 
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Figure 3. The number of accidents and accumulated number of accidents by years 
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In Korea, putty technology for emergency repair that exhibits rapid curing and chemical resistance 
against various hazardous chemical leaks has not yet been developed. An unsaturated polyester-based 
quick-drying putty capable of managing cracks or leaks in wood and cement, as well as repairing some 
damage to automotive steel sheets and steel sheets, has been developed and used in limited 
circumstances. However, the chemical resistance and durability of this putty are insufficient for 
managing chemical reservoir spills. 
 
The development of temporary restorative materials that use new chemical reactions to address such 
spills is essential. I propose here a novel restorative material with a smart curing mechanism that can 
provide both rapid reactivity and storage stability. This material offers significant improvements over 
currently used temporary restorative materials. In addition, in order to prevent chemical accidents, a 
dual stimulus responsive coating was developed. This coating can changes color in response to physical 
stimuli through aggregation induced emission (AIE) phenomena and chemical stimuli through the pH-
indicator thymol blue. Finally, to overcome the limitations in practical applications of previously 
developed temporary restorative materials, we developed a UV-photo curable pressure sensitive 
adhesive using chemically modified soybean oil. 
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1.1.1. Thiol-X ‘Click’ reactions 
  
Thiol-X ‘click’ reactions have been used in various applications such as synthesis, polymerization, and 
functionalization. Thiols react in high yields under mild conditions with various other chemical 
functional groups, as shown in Figure 4. 
 
Thiols are commonly referred to as mercaptans because of their original role in the scavenging of 
mercury and have been used in a wide range of chemical and material processes because of their high 
reactivity. Thiols are considered soft nucleophiles compared to their amine and alcohol counterparts 
because of their combination of inherent electron density and d-orbitals. Thiyl radicals and thiolate 
anions are more nucleophilic and thus have been used in a wide range of processes under benign 
conditions to produce high yields. 
 
One of the most important features of thiol-X click chemistry is the facile control of its reactions. As 
a result, these click reactions are utilized across all of the basic disciplines of science and engineering. 
The thiol-X reaction was thus selected as an appropriate mechanism for the development of temporary 
restorative materials [1-3]. 
17 
 
 
 
Figure 4. Various thiol-X click reactions (EWG = electron-withdrawing group; X = Br, I, and R1 = 
aliphatic or aromatic organic groups).  
 
 
 
 
 
 
 
 
 
18 
 
1.1.2. Dual-crosslinking reactions 
 
Dual-crosslinking reactions can be activated by stimuli such as UV irradiation and temperature, or 
through the control of reaction kinetics. Dual crosslinking is a methodology for obtaining polymer 
networks that combines two different and compatible crosslinking reactions that take place 
simultaneously or sequentially. Sequential dual crosslinking enables the preparation of an intermediate 
material arising from the first stage of crosslinking that, upon application of a second stimulus, can be 
further crosslinked to achieve an interpenetrating polymer network (IPN) that exhibits properties 
superior to those of the individual components. 
 
In a dual-crosslinking polymer network system, the intermediate material can range from a viscoelastic 
liquid to a lightly crosslinked rubber or glassy crosslinked network and should have well-defined 
rheological, mechanical, and thermal properties. These intermediate materials become the desired 
polymer network after the second crosslinking. Therefore, careful consideration of the chemical 
structure, the composition of the monomer, the type of chemical reaction, and the stimulus conditions 
is required. Click-type reactions are especially suitable for dual crosslinking because of their selectivity, 
efficiency, and orthogonality [4-6]. 
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Figure 5. Schematic diagram of the sequential dual crosslinking of a polymer network system. 
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1.2.Objective of this thesis 
 
In this thesis, various types of temporary restorative adhesives and coatings were developed and tested. 
The characterization of the crosslinking kinetics and mechanical properties of these systems was 
conducted with rheology, mechanical testing (RPT, UTM, NST, NI), DSC, DMA, and FT-IR. In 
addition, the developed materials were tested on laboratory scale chemical reservoirs in order to assess 
their potential uses. 
 
In the first stage of this research, the kinetics of the crosslinking reactions of the model thiol-epoxy 
polymer networks (TEPNs) were visualized by tracking pH variation.as shown in Figure 6. The color 
transitions of the TEPNs were monitored in real-time and the results were correlated with those of 
Fourier transform infrared (FT-IR) spectroscopy, isothermal differential scanning calorimetry (DSC), 
and oscillatory rheology. The influences of the glass transition temperatures (Tg) of the TEPNs on the 
kinetics of the low temperature crosslinking reactions were investigated by employing various TEPNs 
with different crosslinker functionalities. The mechanical and chemical properties of the TEPNs were 
also determined, and the trends in the data were related to the crosslinking densities (vc) calculated from 
dynamic mechanical analysis (DMA) measurements. 
21 
 
 
Figure 6. The concept summary of temporary restorative material that can visualize the crosslinking 
behaviors 
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In the second section of this thesis, I introduce a novel dual-stimuli-responsive self-reporting thiol-
epoxy thermoset (DSRTET) coating that can detect both crack occurrence and pH variation. For crack 
detection, a microcapsule containing tetraphenylethylene (TPE) that exhibits the aggregation induced 
emission (AIE) effect was prepared via multi-step emulsion polymerization and dispersed in the 
DSRTET coatings. For pH variation detection, commercial thymol blue was added as a pH indicator 
into the polymer matrix. The effects of the microcapsules in the DSRTET coatings on their curing 
behavior, material properties, and crack sensitivity were characterized by using oscillatory rheology, 
the rigid body pendulum test (RPT), nanoindentation (NI), a universal test machine (UTM), and a 
scratch tester. It was found that the crack sensitivity of the DSRTET coatings is greatly influenced by 
their material properties as well as their microcapsule contents. The color transitions in the DSRTET 
coatings in response to acid or base solutions were quantitatively investigated by using a multi-angle 
spectrophotometer after simple acid and base solution drop tests. The color of the DSRTET coatings 
changes from a pale green to red for acidic solutions and to blue for basic solutions. Finally, the 
DSRTET selected according to the results of this study was applied to laboratory scale chemical 
reservoirs in order to assess its potential as a dual-stimuli-responsive self-reporting coating that can 
detect both cracks in coating materials and chemical spills caused by the leakage or breakage of 
reservoir components. (Figure 7.) 
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Figure 7. The concept summary of dual stimuli responsive coating that simultaneously respond to 
physical and chemical stimuli 
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In the last section, I present a novel UV-curable emergency patch system that can be used to repair the 
cracked surfaces of chemical reservoirs. When a crack occurs in a chemical reservoir, the patch can be 
quickly attached to the damaged area, and then cured with a portable UV source in order to prevent the 
further spread of toxic chemicals. Crosslinked acrylated epoxidized soy bean oil (AESO) materials with 
various compositions and crosslinking densities were prepared by reacting AESO with the 
triethylenetetramine (TETA) crosslinker and tested as UV-curable pressure sensitive adhesives (PSAs). 
The optimum curing behavior and adhesion performance of the UV-curable patch system were found 
by using various analytical methods, namely oscillatory rheology, and peel, tack strength, and tensile 
tests. Finally, an optimized patch was applied to a laboratory scale chemical reservoir in order to assess 
its performance as a UV-curable crack repairing patch system for the prevention of chemical spills from 
cracked reservoirs. (Figure 8.) 
 
 
Figure 8. The concept summary of dual curable pressure sensitive adhesive that can be sequentially 
crosslinked by UV-light  
1.3.Methods for the characterization of polymer networks 
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1.3.1. Oscillational rheometer 
 
The crosslinking kinetics of the polymer network was correlated with its rheological properties as 
measured with an oscillational rheometer. As previously reported [4, 5, 7-9], it has been confirmed that 
rheological measurements offer well-correlated and reliable information that can be used to determine 
the in situ crosslinking kinetics of polymeric materials. Such results are in good agreement with those 
of other related techniques, e.g., differential thermal calorimetry [9-10] and real time FT-IR [9, 11]. A 
schematic diagram of the oscillational rheometer equipped with a UV/thermal dual-crosslinking system 
that played a key role in this research is shown in Figure 9. 
The material functions for small amplitude oscillatory shear (SAOS) are the storage modulus 𝐺′(𝑤) 
and the loss modulus 𝐺′′(𝑤); 𝐺′(𝑤) and 𝐺′′(𝑤) are material functions of viscoelastic fluids 
that denote the energy storage and viscous dissipation respectively under an oscillatory shear strain, 
γ21 = γ0 sin 𝑤𝑡 . The numbers 1 and 2 in the subscript of the strain denote the x and y directions 
respectively. 
 
SAOS material functions: 
−τ21
γ0
= G′ sin 𝑤𝑡 + 𝐺′′ cos 𝑤𝑡 (eq. 1) 
Storage modulus: 𝐺′(𝑤) ≡
τ0
γ0
 𝑐𝑜𝑠𝛿 (eq. 2) 
Loss modulus: 𝐺′′(𝑤) ≡
τ0
γ0
 𝑠𝑖𝑛𝛿 (eq. 3) 
 
For a Newtonian fluid in SAOS, the response is completely in phase with the strain rate: 𝐺′ = 0 and 
G′′ = μ𝑤. For an elastic solid (Hookean solid) that follows Hooke’s law, the shear-stress response in 
SAOS is completely in phase with the strain, i.e. 𝐺′ = 𝐺 and 𝐺′
′
= 0. The stress responses of 
viscoelastic fluids exhibit phase lags in the range 0° < δ <90°. 
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The rheological properties measured under different crosslinking conditions quantitatively reflect the 
evolution of the polymer network structure. The modulus of the crosslinked polymer network are 
directly responsible for understanding the role of process, formulations, and controlling the final 
material properties. 
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Figure 9. Schematic diagram of a UV/thermal oscillational rheometer. 
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1.3.2. Rigid-body pendulum test (RPT) 
 
The rigid-body pendulum test (RPT) can be used to characterize the crosslinking and polymerization 
kinetics of organic coatings and thin films [4, 5, 9, 12]. A schematic diagram and the main features of 
RPT are shown in Figure 10. An aluminum plate is attached to the temperature control block and the 
edge of the pendulum is immersed in the coating sample. The pendulum is attached to an electro-magnet 
that provides the potential energy that is converted into the kinetic energy of swing motion. When the 
power to the electromagnet is cut off, the pendulum starts to swing. The motion sensor then measures 
the period and amplitude of the pendulum, and the free oscillating pattern is converted to the logarithmic 
damping ratio. 
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Figure 10. (a) Schematic diagram of the RPT 2000W; (b) principles of the rigid body pendulum test; 
(c) the wave function of the pendulum during a test. 
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1.3.3. Fourier transform infrared (FT-IR) spectroscopy 
 
Fourier transform infrared spectroscopy (FT-IR) can be used to obtain the infrared absorption and 
emission spectra of a solid, liquid, or gas. We used FT-IR to examine the chemical structures of samples 
before, during, and after the crosslinking. Spectral data over a wide range of wavelengths were collected 
simultaneously during the crosslinking reactions with an FT-IR spectrometer. For example, in order to 
monitor the thiol-epoxy click reaction we recorded the intensities of the characteristic peaks of the 
hydroxyl group (-OH, 3300 cm-1), the thiol group (-SH, 2560 cm-1), and the epoxy group (C-O-C, 915 
cm-1), and compared them to the intensity of the peak due to aromatic double bonds(C=C, 1608 cm-1)  
 
1.3.4. Differential scanning calorimetery (DSC) 
 
Differential scanning calorimetry (DSC) is a thermoanalytical technique that detects the 
exothermic/endothermic reactions of a sample by simultaneously heating/cooling the sample and 
reference pan. The temperatures of the furnace are controlled equally together but the temperature of 
the sample is different from that of the reference. We can use the difference in temperature which was 
converted to heat flux. The heat flux can be used for analysis of polymer thermodynamical properties. 
  
DSC can be performed either with the power compensation method or the heat flux method. In this 
experiment, I carried out heat flux DSC. A schematic diagram of the procedure for heat flux DSC is 
shown in Figure 11. The results of these DSC experiments are curves of heat flux versus temperature. 
Figure 12 shows a DSC curve typical of polymeric materials. 
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Figure 11. Schematic diagram of the heat flux DSC set-up. 
 
Figure 12. A DSC curve typical of polymeric materials. 
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1.3.5. Dynamic mechanical analysis (DMA) 
 
Dynamic mechanical analysis (DMA) can be used to evaluate the thermal and mechanical properties 
of polymeric materials as functions of factors such as temperature, time, and frequency. The most 
commonly measured property for simple elastic materials is the stiffness or Young’s modulus. However, 
more complex viscoelastic materials such as polymers and composites cannot be characterized with this 
value alone. The most commonly used test protocol for measuring viscoelastic properties is small 
amplitude oscillation. In this group of methods, the sample is deformed according to a sinusoidal 
deformation profile at a fixed frequency and amplitude (strain) while the force with which the sample 
resists deformation (stress) is measured, as shown in Figure 13(b). Oscillatory experiments are often 
used in conjunction with temperature profiles to characterize thermal events such as glass transitions, 
melting, crystallization, and curing. At small test amplitudes, the viscoelastic properties are independent 
of the strain. This region of deformation, known as the linear viscoelastic regime, most directly reflects 
molecular structure and is predictive of overall product performance. For some materials, this linear 
viscoelastic regime can be quite small, especially in the case of filled or crosslinked networks. For this 
reason, the control of very small deformations is critical to obtaining meaningful, reproducible, and 
actionable results. 
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Figure 13. (a) Dynamic mechanical analysis (DMA, TA Instruments, U.S.A.) and the accessories 
required for various modes; (b) typical DMA curves for crosslinked polymer networks. 
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1.3.6. Universal testing machine (UTM) 
 
A universal testing machine (UTM) is used to evaluate the tensile strength, lap shear strength, peel 
strength, and compressive strength of materials, and is the most commonly used equipment for 
measuring the mechanical properties of elastic or viscoelastic solids such as the stiffness or Young’s 
modulus, E. The set-up and usage are detailed in a test method, often published by a standards 
organization. This method specifies the sample preparation, fixturing, gauge length (the length which 
is under study or observation), analysis, etc., as shown in Figure 14(a). 
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Figure 14. (a) Universal testing machine (UTM, Instron, U.S.A.) and test sample preparation standard; 
(b) typical UTM data for crosslinked polymer networks. 
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1.3.7. Nano indentation (NI) 
 
Many materials exhibit different mechanical strengths and properties in their vertical and lateral 
displacements due to their internal structures [13-15]. Nanoindentation (NI) involves pressing an 
indenter of known geometry into the material surface while both penetration depth and normal load are 
monitored. The indentation hardness (HIT), elastic modulus (EIT), and other mechanical properties are 
then obtained from the load-displacement curve; typical indentation load-displacement data are 
depicted in Figure 16. 
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Figure 15. Schematic illustration of the unloading process showing the parameters characterizing the 
contact geometry. 
 
 
Figure 16. Schematic illustration of indentation load-displacement data showing the important 
measured parameters. 
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1.3.8. Nano scratch test (NST) 
 
Nanoscratch testing (NST) is used to evaluate the mechanical resistance of a thin film or coating by 
imposing a progressive or stepwise deformation load on the film surface [13-15]. The ability of the 
scratch tester to characterize film-substrate systems and to quantify parameters such as the friction force 
and the adhesive strength with a variety of complementary methods makes it an invaluable tool for 
research, development, and quality control. This technique involves generating a controlled scratch with 
a diamond tip on the sample. The tip is drawn across the coated surface under constant, incremental, or 
progressive load. At a certain load, the coating will start to fail. Critical loads are very precisely detected 
by means of the tangential force, the penetration depth, and the acoustic emission sensors together with 
observations from a built-in optical microscope. Figure 17(c) shows the progressive deformation of a 
polymeric coating to measure its scratch resistance. 
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Figure 17. (a) Nanoscratch tester (NST3, Anton Paar, Switzerland); (b) schematic diagram of a 
nanoscratch tester; (c) optical microscopy images obtained in progressive scratch mode. 
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Chapter 2. In-situ visualization of the kinetics of low temperature thiol-
epoxy crosslinking reactions by using a pH-responsive epoxy resin 
 
2.1. Introduction 
 
Thiol-epoxy click chemistry has frequently been employed to prepare thiol-epoxy polymer networks 
(TEPNs) for applications associated with high performance coatings and adhesives because of its rapid 
reaction rate at low temperatures, high degree of conversion, and multiple cross-linking pathways 
including nucleophilic thiol reactions such as base-catalyzed thiol-isocyanate, thiol-epoxy, and thiol-
Michael addition reactions, and radical-mediated thiol reactions such as photo-initiated thiol-ene and 
thiol-yne reactions [1-3]. 
 
Recently, several novel TEPN systems have been reported such as hyper-branched networks, 
hydrogels, and hybrid networks, as well as dual curing and latent curing processes [4-13]. In these 
systems, control of both the cross-linking densities (𝑣𝑐) and the reaction kinetics of TEPNs is recognized 
as the key factor determining the performance of the final products because these parameters influence 
processability, coating quality, thermal and mechanical properties, and chemical resistance [14-21]. In 
general, durable epoxy thermosets require high 𝑣𝑐; the facile strategies frequently used to meet this 
target are the employment of various types of high functionality cross-linkers and/or increasing the 
degree of conversion through control of the reaction temperature [22-24]. However, in some special 
applications, such as fast curing coatings and adhesives, low temperature curing systems that can 
operate near or under room temperature are required. In this case, the use of high functionality cross-
linkers must be very cautious for the following reasons. First of all, there is a possibility that the degree 
of conversion of the curing reaction will be greatly influenced by polymer chain restriction effects since 
the glass transition temperatures of TEPNs in the later stages of their curing reactions are usually much 
higher than those at the curing temperature [25-26]. In addition, as is the case for other epoxy curing 
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reactions, thiol-epoxy click reactions exhibit auto-catalysis effects and the rate of the cross-linking 
reaction is affected by the type of the cross-linker [27]. For this reason, characterizations of both the 
reaction kinetics and the viscoelastic properties are very important to the design of suitable low 
temperature thiol-epoxy curing materials. 
 
Several measurement techniques such as differential scanning calorimetry (DSC), Fourier transform 
infrared (FT-IR) spectroscopy, and Raman spectroscopy have been used to characterize the kinetics of 
thiol-epoxy click reactions but these methods have some drawbacks [28-31]. For example, the sample 
preparation and temperature control required by the DSC method before starting the measurements take 
considerable time. Since thiol-epoxy curing reactions are very fast even at low temperatures, the initial 
reaction kinetics data are usually lost when conventional DSC is used. FT-IR and Raman spectroscopy 
often fail to find the characteristic peaks of thiol and epoxy groups if the epoxy formulation is complex. 
Considerable sample preparation time is also needed in these approaches. For this reason, the 
development of a new analysis technique for the characterization of the reaction kinetics of thiol-epoxy 
curing reactions is required. 
 
One feasible candidate is a technique for the visualization of reaction kinetics that tracks pH changes 
during cross-linking [32]. In general, the pH of a thiol-epoxy click reaction in the presence of a tertiary 
amine catalyst increases as cross-linking proceeds. If the appropriate pH indicator is employed, the 
reaction kinetics can be visualized as color transitions. This method has the advantage over other 
characterization methods that it provides simple, immediate, and in-situ visible characterization of the 
reaction kinetics without the loss of the initial data. In addition, no expensive equipment is required, 
and it can be used in both laboratory and outdoor environments. 
 
Herein, we report our detailed testing of this visualization technique on the reaction kinetics of TEPNs. 
In order to track the variations in the pH during the thiol-epoxy click reactions, a small amount of the 
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pH indicator thymol blue was added to the TEPN formulations. Various TEPNs were prepared from 
multi-functional cross-linkers with different functionalities, and the color transitions during their cross-
linking reactions were monitored in real-time. The experimental color transition data were compared 
with results obtained with the oscillation rheology, isothermal DSC, and FT-IR spectroscopy 
characterization techniques. The Tg and 𝑣𝑐  values of the room temperature cured TEPNs were 
determined with dynamic mechanical analyzer (DMA) and DSC measurements in order to assess the 
chain mobility restriction effects on the reaction kinetics. In addition, mechanical and chemical 
resistance tests were also conducted. 
 
2.2. Experimental 
 
2.2.1. Materials. 
 
Trimethylol-propane tri(3-mercaptopropionate) (TMPMP, SH3), pentaerythritol tetra(3-
mercaptopropionate) (PETMP, SH4), and dipentaerythritol hexa(3-mercaptopropionate) (Di-PETMP, 
SH6) were purchased from Bruno Bock Thiochemicals. Diglycidyl ether bisphenol A based epoxy resin 
(D.E.R.) with an equivalent weight of 190-205 g eq-1 was obtained from Kukdo Chemical Co. 2,4,6-
Tris(dimethylaminomethyl)phenol (DMP30), titanium (II) oxide (TiO2), fumed silica (F-SiO2), and 
thymol blue were purchased from Sigma-Aldrich. 
 
2.2.2. Sample preparation.  
 
The epoxy resin component was prepared by mixing 71.98 grams of D.E.R., 4.03 grams of thymol 
blue (3 wt % of the total weight of the TEPN), 19.2 grams of TiO2 and 4.8 grams of F-SiO2 with a 
planetary mixer (KM Tech, PLM-1K) at 1200 rpm for 2 hours. Polymercaptan hardeners were activated 
by dissolving 0.1 mol% DMP30/thiol with a high speed overhead stirrer (Ocean Science, DISPERMAT) 
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at 2000 rpm for 30 mins. The TEPNs were cross-linked by reacting stoichiometric amounts of epoxy 
groups with the thiol groups. Detailed formulations are listed in Table 1. 
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Table 1. Formulations of the TEPNs. 
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2.2.3. Characterizations 
 
2.2.3.1. Characterizations of the Reaction Kinetics and Viscoelastic Properties during 
Curing. 
 
The reactions of the epoxy groups in the polymer resins with the thiol groups in the cross-linkers were 
confirmed by using an FT-IR spectrometer (Thermo Fisher Scientific Inc., Nicolet 6700/Nicolet 
Continuum). The reaction kinetics of the TEPNs was investigated by performing isothermal DSC 
measurements (TA Instruments, DSC Q2000) at room temperature (25℃) under a nitrogen atmosphere. 
The viscoelastic properties of the TEPNs during the cross-linking reactions were characterized with a 
rotational rheometer (Thermo Scientific Inc., MARS III) operated at a constant frequency (1 rad s-1) 
and strain (0.5%) at room temperature (25℃). The color transition measurements during curing were 
obtained in real-time by using both a video recorder and a multi-angle spectrophotometer (StellarNet, 
Inc., X-Rite MA98). 
 
 
2.2.3.2. Characterizations of the Material Properties.  
 
The thermal stabilities of the TEPNs were determined by carrying out TGA (TA Instruments, TGA 
Q500) in the range 25 – 700℃ at a rate of 10℃ min-1. The Tg values of the cross-linked TEPN films 
were determined with DSC (TA Instruments, DSC Q2000) from the first heating ramp at 10°C/min in 
the range 0–100°C. The viscoelastic properties of the cured TEPNs were determined by performing 
DMA measurements (TA Instrument, DMA Q800) in the strain-controlled mode (5 μm) at a frequency 
of 2 Hz. The data were recorded by heating the samples at 10°C/min from -40 –to 140°C. The 
dimensions of the specimens were 60 mm x 12 mm x 3 mm. The 𝑣𝑐 values of the TEPNs and the loss 
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factors (tan δ = G”/G’) were calculated from the tensile storage modulus (G’) and loss modulus (G’’) 
data. Tensile tests of the TEPNs were carried out by using a Universal Testing Machine (UTM) (Instron, 
model 5982) with constant force (5 mm/ min-1) at a cross-head. The dimensions of the specimens were 
60 mm× 12 mm x 3 mm. Chemical resistance tests were conducted in various chemical environments. 
The cured epoxy resins were cut into small pieces and kept in 100 mL amber bottles containing the 
aforementioned media at ambient temperature (25℃). The percentage of weight loss (eq. 1) was 
measured after 24 hours [8]. 
 
Weight Loss (%) =  
𝑖𝑛𝑡𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝐸𝑃𝑁 (𝑔)−𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝐸𝑃𝑁 (𝑔)
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝐸𝑃𝑁 (𝑔)
  (eq. 1) 
 
 
2.3. Results and Discussion 
 
This section is divided into two main subsections. In the first section, the real-time color transitions of 
the TEPNs during cross-linking are correlated with the results obtained from oscillation rheometer, 
isothermal DSC, and FT-IR spectroscopy. In the second section, the influences of Tg and 𝑣𝑐 on the 
reaction kinetics of the TEPNs are analyzed and related to experimental color coordinate data and the 
mechanical and chemical resistance test results. The molecular structures of the materials used in this 
study are presented in Figure 1. 
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Figure 1. Chemical structures of the materials used in this study. 
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2.3.1. Mechanism of the Color Transition of the TEPNs. 
 
The proposed color transition mechanism for the thiol-epoxy reactions is shown in Scheme 1. The 
thiol-epoxy coupling reactions of TEPNs are categorized as nucleophilic ring opening reactions and can 
be catalyzed by organic bases. In the initial stage, the reaction is fully mediated by the base catalyst, 
which generates thiolate anions, but as the reaction progresses, the secondary alkoxide produced by the 
epoxy ring opening reaction starts to participate in the thiol-activating process. This process is well 
known as an auto-catalysis effect of thiol-epoxy reactions [27]. During the auto-catalysis process, the 
pH of the system continuously increases as the number of free base catalyst molecules that no longer 
participate in the catalytic reaction increases [32]. In our method, this pH variation during the thiol-
epoxy reactions can be tracked by mixing a small amount of the pH indicator thymol blue with the 
epoxy thermosets, which means that there is a transition in the color of the TEPNs from pink to blue as 
the crosslinking reactions progress. To control the curing process and range of color transition, the 
primary amine catalysts were not employed for this study due to their relatively low basicity compared 
to the tertiary amine catalysts. 
50 
 
 
Scheme 1. The proposed mechanism of the color transition of the TEPNs. 
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2.3.2. Room Temperature Curing Behavior and Color Transitions of the TEPNs.  
 
In order to investigate the curing behavior of the TEPNs, we have plotted the variations with time in 
the elastic modulus of the three different multi-functional cross-linkers (SH3, SH4 and SH6) under 
ambient conditions (Figure 2. (a)). As can be seen in this figure, G’ gradually increases during the initial 
stages of the reactions but as they proceed there are steep increases in G’, which indicate that the TEPNs 
have formed cross-linked network structures. In addition, the cross-linkers with higher functionality 
produce a faster increase in G’ (SH6-TEPN > SH4-TEPN > SH3-TEPN). 
 
Under the same curing conditions, the colors of the TEPNs were determined at regular time intervals 
(300 s). As shown in Figure 2. (b), the TEPNs turn from pink to blue as the thiol-epoxy reactions 
progress. The cross-linkers with higher functionality produce faster color transition rates (SH6-TEPN 
> SH4-TEPN > SH3-TEPN). In addition, the final colors of the TEPNs are different. SH3-TEPN is 
deep blue whereas SH6-TEPN is pale blue. As a further investigation, the color transitions of the TEPNs 
were quantitatively analyzed by using a multi-angle spectrophotometer. Figures 3. (a) and (b) show 
the changes in the CIE values of each TEPN as curing proceeds. The initial color coordinates of the 
epoxy resin component are (0.33, 0.34). After the resin has been mixed with the cross-linkers, both the 
x and y values increase as the hydrogen atoms in the cross-linkers are transferred to the ketone groups 
in thymol blue (the first color transition region). However, as the thiol groups start to react with the 
epoxy groups, both the x and y values rapidly decrease and the color of the epoxy thermoset shifts from 
pink to blue, as described above (the second color transition region). The length of each second color 
transition region is inversely proportional to the curing rate of the TEPN (SH3-TEPN > SH4-TEPN > 
SH6-TEPN). In the third color transition region, the color changes of the TEPNs become saturated and 
converge. After the reactions have finished, the final coordinates of SH3-TEPN, SH4-TEPN, and SH6-
TEPN are (0.22. 0.26), (0.25, 0.29), and (0.28, 0.31) respectively. The color transitions of the TEPNs 
are also presented in terms of their DL*, Da*, and Db* values in Figure 3. (c). The dramatic decrease 
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in Db* arises because the colors of the TEPNs change from pink to blue. As can be seen in Figure 3. 
(d), the rates of change in Db* of the TEPNs are proportional to the functionality of the cross-linker. 
On the other hand, the saturated Db* values, which indicate the degrees of conversion of the thiol-epoxy 
click reactions, are inversely proportional to the functionality of the cross-linker (SH3-TEPN > SH4-
TEPN > SH6-TEPN). 
 
The curing and color transition experiments both indicate that the functionality of the cross-linker 
influences the kinetics of the room temperature thiol-epoxy click reaction. To verify the precision of the 
experimental color transition results, the isothermal reaction kinetics of the TEPNs was also 
characterized with the DSC and FT-IR spectroscopy measurement techniques. 
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Figure 2. Curing behavior and reaction kinetics of the TEPNs: (a) G’ versus time plots; (b) color 
transitions of the TEPNs at room temperature. 
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Figure 3. Color coordinate shifts of the TEPNs during curing: (a) the color transitions of the TEPNs 
in CIE 1931 color space; (b) color transitions in (a) as functions of time; (c) DL*, Da*, and Db* 
values in 3D space; (d) Db* values as functions of time. 
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2.3.3. Comparison of the Experimental Color Transition Results with those of Other 
Characterization Methods.  
 
FT-IR spectroscopy measurements were conducted at room temperature in order to monitor the thiol-
epoxy click reactions of the TEPNs. Figure 4. shows the variations in the ratios of the intensities of the 
characteristic peaks of the hydroxyl group (-OH, 3300 cm-1), the thiol group (-SH, 2560 cm-1), and the 
epoxy group (C-O-C, 915 cm-1) to the intensity of the peak due to aromatic double bonds (C=C, 1608 
cm-1) at regular time intervals (180 s) [5,9,21]. As the thiol-epoxy reactions progress, the characteristic 
peak of hydroxyl groups appears and the intensities of the characteristic peaks due to thiol and epoxy 
groups decrease. As in the color transition results, the rate of reaction increases as the functionality of 
the cross-linker increases. The degree of conversion of thiol-epoxy click reaction can be calculated as 
the ratio of characteristic peak of SH group at 2560 cm-1 to C=C group at 1608 cm-1. The degree of 
conversion of SH3-TEPN, SH4-TEPN, and SH6-TEPN were 55.4%, 45.6% and 40.4% respectively.  
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Figure 4. Variations with reaction time in the FT-IR spectra of the TEPNs at room temperature: (a) 
SH3-TEPN, (b) SH4-TEPN, and (c) SH6-TEPN. The data were collected at regular time intervals 
(180 s) after sample preparation and loading (150 s). 
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The isothermal reaction kinetics of the TEPNs was also studied with DSC by monitoring the heat flow 
evolution during the thiol-epoxy reactions. Figure 5. shows the isothermal heat flow curves as functions 
of reaction time for the TEPNs at room temperature. The shapes of the exothermic curves indicate that 
the thiol-epoxy click reactions follow the typical auto-catalysis reaction mechanism described above. 
The maximum peak positions of SH3-TEPN, SH4-TEPN, and SH6-TEPN are at 1450 s, 980 s, and 770 
s, respectively, and the rates of reaction increase as the functionality of the cross-linkers increases. From 
these results, we conclude that the auto-catalysis effects of the epoxy-thiol reaction are enhanced by 
increasing the functionality of the cross-linker. The high functionality cross-linker has a high local 
concentration of thiol groups, so the average distance between the free thiol groups and the secondary 
alkoxides in the growing epoxy chain is much shorter than is the case for low functionality cross-linkers 
[27]. 
 
To obtain the degrees of conversion of the cross-linking reactions of the TEPNs, the total enthalpy 
change (∆𝐻𝑒𝑥𝑜) of each thiol-epoxy click reaction was calculated by integration of the exothermic peak 
area; the calculated values for SH6-TEPN, SH4-TEPN, and SH3-TEPN are 222.1 J/g, 254.1 J/g, and 
294.4 J/g respectively [24-25,28-30]. The degrees of conversion of the TEPNs are inversely 
proportional to the functionality of the cross-linkers. 
 
In the color transition results, the rate of the color transition and the final color coordinates (or pH 
value) of the TEPNs reflect the rate and degree of conversion of the thiol-epoxy click reaction 
respectively. The rate of the color transition increases proportionally with the increase in the 
functionality of the cross-linkers. Similarly, the final Db* value decreases with increases in the 
functionality of the cross-linker. The trend in these results is in good agreement with the isothermal 
reaction kinetics data obtained with IR spectroscopy and the DSC measurements. 
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Figure 5. Isothermal DSC analyses for the thiol-epoxy click reactions of the TEPNs as functions of 
time at room temperature. The initial stages of the thiol-epoxy reactions up to 300 s (at the red dashed 
line) were not recorded because of sample preparation and the loading time. The dotted lines are 
predictions based on the auto-catalysis effect. 
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2.3.4. Thermal properties and crosslinking densities of the TEPNs.  
 
The thermal stabilities of the TEPNs were investigated by using TGA. All the TEPNs are stable up to 
300℃. The temperature dependences of the viscoelastic properties of the TEPNs were determined with 
DMA (Figure 6.). As shown in the G’ vs temperature plots (Figure 6. (a)), the G’ values of the TEPN 
films in a glassy state increase proportionally with the functionality of the cross-linker (SH6-TEPN > 
SH4-TEPN > SH3-TEPN). The G’ values of the TEPNs in the glassy state are stable but as the 
temperature increases a steep drop in each modulus of approximately 3 orders of magnitude is observed, 
which indicates that the TEPNs are in a rubbery state. Plots of the loss factor vs temperature are 
presented in Figure 6. (b). The maximum of tan δ is the temperature of α relaxation of the network and 
is closely related to Tg of TEPNs. The Tg values determined with DSC measurements are similar 
(Figures 6. (c) and (d)). The 𝑣c of a cured polymer is defined as the number of moles of network chains 
per unit volume [15,18,22]. The 𝑣𝑐 value of a cross-linked thermoset can be determined by performing 
modulus measurements in the rubbery plateau and using the equation of state for rubber elasticity (eq. 
2). 
𝑣𝑐 = 𝐺
′/3𝑅𝑇 (eq. 2) 
where, 
G’ = tensile storage modulus in the rubbery plateau 
T (K) = temperature in K corresponding to the storage modulus value 
R = gas constant 
 The calculated 𝑣𝑐 values of the TEPNs are given in Table 2.: 𝑣𝑐 increases with increases in the 
functionality of the cross-linker. 
 
In general, the 𝑣𝑐 values of the TEPNs should be proportional to the degree of conversion of the thiol-
epoxy click reactions regardless of the functionality of the cross-linker if the stoichiometric ratios of 
the thiol groups in the cross-linker to the epoxy groups in the epoxy resin are the same. However, if the 
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cross-linking reaction is conducted at low temperatures, the situation is different. In this case, the 
reaction kinetics is greatly influenced by the polymer chain mobility restriction resulting from the cross-
linking reaction because the later stages of the thiol-epoxy click reaction progress at temperatures under 
the Tg values of the TEPNs. Stochastically, a high functionality cross-linker provides a higher possibility 
of producing multi-linked points than low functionality cross-linkers. These multi-linked points 
increase the stiffness of the polymer chains and restrict the possibilities for reactants to meet. For this 
reason, the degree of conversion of thiol-epoxy reactions decreases with increases in the functionality 
of the cross-linker. 
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Figure 6. Thermal and viscoelastic properties of films of the TEPNs: (a) variations in G’ with 
temperature, (b) plots of the calculated loss factors versus temperature obtained with DMA 
measurements, (c) heat flow curves, and (d) first derivative heat flow curves obtained from DSC 
measurements. 
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Table 2. Thermal and mechanical properties of the TEPNs. 
Polymer code Td Tg Vc (at 110 °C) 
SH3-TEPN 304.9 °C 59.6 °C 0.112 mol/L 
SH4-TEPN 303.5 °C 77.3 °C 0.162 mol/L 
SH6-TEPN 303.8 °C 81.3 °C 0.329 mol/L 
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2.3.5. Mechanical Properties of TEPNs.  
 
To investigate the mechanical properties of the TEPNs, tensile tests were conducted with a UTM. The 
stress vs strain plots are shown in Figure 7. As expected, SH4-TEPN and SH6-TEPN are hard and 
brittle without yielding, which indicates that the thermoset has a high 𝑣𝑐 . In contrast, SH3-TEPN 
exhibits low tensile strength with high yielding. 
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Figure 7. Tensile stress versus tensile strain plots for the TEPNs. 
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2.3.6. Chemical Resistances of the TEPNs.  
 
The results for the chemical resistances of the TEPNs in various chemical environments are given in 
Table 3. The SH6-TEPN exhibits the best resistance to organic solvents (MEK and acetone), aqueous 
acids (HNO3 and H2SO4), and base (triethyl amine) due to its high 𝑣𝑐. On the other hand, the chemical 
resistance of SH3-TEPN is much inferior to those of SH4-TEPN and SH6-TEPN despite its high degree 
of conversion. This result also indicates that SH3-TEPN has a lower 𝑣𝑐 than SH4-TEPN and SH6-
TEPN 
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Table 3. Chemical resistances of the TEPNs*. 
Chemicals 
Weight Loss (%) 
SH3-TEPN SH4-TEPN SH6-TEPN 
H2SO4 (10% aq.) 25.3 5.13 1.70 
HNO3(40% aq.) 7.74 0 0 
MEK 6.29 2.53 0 
Acetone 3.56 4.27 1.48 
Triethyl amine 0 0 0 
* Weight losses were calculated by using Eq. (1). 
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2.4. Conclusion 
 
The reaction kinetics of the cross-linking reactions of the model TEPNs was successfully visualized 
by tracking their pH variations. In order to verify the precision of this technique, its results for various 
TEPNs prepared with different multi-functional cross-linkers were compared with those of other 
characterization methods, namely oscillational rheology, DSC, and FT-IR spectroscopy. 
In our observations of the room temperature curing of the TEPNs, it was found that the high 
functionality cross-linker produces a faster rate of reaction than the low functionality cross-linker at the 
same stoichiometric ratio of thiol to epoxy groups because of an acceleration in the auto-catalysis effect. 
In addition, the degrees of conversion of the thiol-epoxy click reactions are also influenced by the 
functionality of the cross-linkers. However, the 𝑣𝑐 values of the TEPNs are not proportional to the 
degree of conversion because a high functionality cross-linker provides a higher possibility of 
producing multi-linked points than low functionality cross-linkers. The trends found in the results of 
our mechanical property and chemical resistance tests are consistent with the results for the reaction 
kinetics, and with the thermal and viscoelastic property data. 
Thus we have demonstrated that color transition characterization with a pH-responsive epoxy resin is 
a reliable and versatile technique for the study of the kinetics of room temperature thiol-epoxy cross-
linking reactions. 
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Chapter 3. Dual Stimuli Responsive Self-reporting Material for Chemical 
Reservoir Coating 
 
3.1. Introduction 
 
 Polymer coatings are used extensively throughout industry and academia. Especially, polymeric 
coatings are used to protect against corrosion, physical, and chemical damage. In order to maximize the 
purpose of the polymeric coatings, a variety of coating technologies are being developed such as self-
healing, self-reporting, and scratch-resistant coatings.[1–6] Especially for acid/base transfer pipes or 
storage tanks, the corrosion of the steel part occurred by the failure of the protective coating materials 
often causes a chemical spill accident which can result in an environmental catastrophe. For the reason, 
maintenance of damaged coating area should be carried out periodically. However, since weakening 
and degradation of the coating materials is rarely visible from the outside, it is necessary to develop 
self-reporting materials, which can report a change in performance during the application through 
property changes.[7–11] 
 
Self-reporting materials developed so far can be classified into two mechanisms: intrinsic and extrinsic 
type. The intrinsic self-reporting materials detect the external stimuli by mechanically active materials 
incorporated into the polymer backbone or crosslinker units, while the extrinsic self-reporting materials 
are activated by the rupture of microcapsule which contains stimuli responsive materials such as 
fluorescence dye, pH-sensitive dye, and AIE-based materials.[7–11] Among various self-reporting 
mechanisms, the recent development of AIE-based extrinsic crack detection coating technology is 
particularly noteworthy.[8,12] The fluorescence enhancement mechanism of AIE material is exactly the 
opposite with the conventional fluorescence dyes which exhibit the aggregation-caused quenching 
(ACQ) effect.[13–15] That is, the fluorescence of the AIE materials in solid state is further enhanced 
than in liquid state. In the crack sensing application, an AIE material such as tetraphenylethylene (TPE) 
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is first diluted in a proper solvent and then encapsulated with poly(urea-formaldehyde) (UF) or 
polyurethane (PU) via emulsion polymerization.[8,16,17] When crack occur in matrix material 
containing AIE microcapsule, the microcapsule collapses and the AIE material solution come out by 
capillary force. After volatilization or diffusion of the solvent to matrix material, fluorescence emission 
of the AIE material at cracked area was enhanced and become detectable under UV light source.[8,12] 
 
 Considering its simple expression mechanism, fast response time and sensitivity, the AIE based 
extrinsic system could be very useful to design a high performance self-reporting coating material for 
a crack reporting chemical reservoir. Most importantly, this system has the potential to detect two 
different stimuli by placing one sensing material in the capsule and the other sensing material in the 
matrix. For chemical reservoirs maintenance, this dual stimuli responsive coating system is very useful 
because it allows the detection of the leakage occurrence at tank part as well as the crack formation at 
coating materials. 
 
Herein, we designed a dual stimuli responsive self-reporting coating which can sense both crack 
occurrence and pH variation for chemical reservoirs coating. For crack detection, TPE containing 
double wall UF/PU microcapsules with different diameters were prepared via multi-step emulsion 
polymerization and dispersed in the thiol-epoxy thermoset (TET).[8,16,17] On the other hands, in order 
to detect pH variation, thymol blue was added in the matrix. The effect of capsule content in the 
DSRTET on their curing behavior was characterized by oscillatory rheology and rigid body pendulum 
test (RPT).[18–22] The relationship between the crack sensitivity and mechanical properties such as 
tensile strength, hardness, and elastic modulus was qualitatively analyzed with using scratch tester, 
universal test machine (UTM) and nano-indentation machine.[23–27] The pH detection performance of 
DSRTETs with different thymol blue contents was also investigated by acid or base solution drop tests. 
Finally, The DSRTET used in this study was coated to laboratory scale chemical reservoirs and tested 
the crack and pH variation detection performance. 
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3.2. Experimental 
 
3.2.1 Materials.  
 
Urea, aqueous formaldehyde solution (37 wt%), poly(ethylene-alt-maleic anhydride) (EMA), 
resorcinol, 1-octanol were purchased from Sigma-Aldrich. Desmodur L 75 as commercial polyurethane 
(PU) prepolymer was kindly donated from Bayer MaterialScience. Hexyl acetate (HA) and 
tetraphenylethylene (TPE) were purchased from Tokyo Chemical Industry. Ammonium chloride and 
sodium hydroxide were purchased from Duksan Pharmaceutical. Diglycidyl ether bisphenol A based 
epoxy resin (YD128SH) with an equivalent weight of 190-205 g eq-1 was obtained from Kukdo 
Chemical co. Triethylenetetramine (TETA), fumed silica (F-SiO2), thymol blue, and titanium (Ⅱ) oxide 
(TiO2) were purchased from Sigma-Aldrich. Pentaerythritol tetra(3-mercaptopropionate) (SH4) was 
donated from Bruno Bock Thiochemicals. 
 
3.2.2. Microencapsulation. 
 
UF/PU double shell type microcapsule was prepared by following procedure. A 2.5 wt% EMA (5 mL) 
was added in distilled water (20 mL), and the urea (0.504 g), resorcinol (0.050 g), and ammonium 
chloride (0.050 g) were added with stirring at 25℃. The pH of the resultant solution was adjusted to 
3.5 using a 10 % NaOH solution. The mixture was agitated at 600, 800, 1000, 1200, 1400, or 1600 rpm, 
and 12 mL of core material was added to obtain an emulsion. The core material consists of 1 wt% TPE 
in HA and Desmodur L 75. After adding a 37% formaldehyde (1.456 g) solution, the temperature of 
the mixture was raised to 60℃ and maintained for 5 h. The reaction mixture was cooled to room 
temperature and microcapsules were isolated by vacuum filtration. The microcapsules were washed 
with water and acetone, and then stored under atmospheric conditions for drying. UF single shell type 
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microcapsules were also obtained in similar manner to the synthetic procedure of UF/PU double shell 
type microcapsule expect adding Desmodur L 75. 
 
3.2.3. Preparation of DSRTET.  
The epoxy binder (a viscous liquid type) was formulated by mixing YD128SH (72 g), thymol blue (3 
g), TiO2 (22 g), and F-SiO2 (3 g) with a planetary mixer (KM TECH, PLM-1K) at 1000 rpm for 3 
hours. Crosslinker, SH4 was activated by adding 3 mol% of TETA prior to use. After mixing epoxy 
binder and activated SH4, the microcapsule was added to the mixture and well dispersed with a high 
speed overhead stirrer (Ocean Science, DISPERMAT) at 200 rpm for 10 min. Finally, the microcapsule 
containing mixture was coated on steel substrates or glass slides by doctor blade with 500 µm and cured 
at 25°C for 24 hours. 
 
3.2.4. Confirmation of microcapsulation. 
 
Mean diameter and size distribution of the synthesized micro-capsule were determined from the 
optical microscope images. The average values were calculated from the data set of at least 300 
measurements. The surface morphology of the micro-capsules was investigated using a scanning 
electron microscope (SEM, SNE-3000M, SEC). The chemical structure of the micro-capsule was 
analyzed using FT-IR spectroscopy with attenuated total reflectance (ATR) mode. The presence of the 
core material in the micro-capsule was investigated by following procedure. The microcapsule and a 
filter paper put between a two slide glasses and were pressed. The core material was extracted from 
squeezed microcapsule. The broken shell materials were washed with chloroform and then dried in an 
oven at 60°C. The extracted core and dried shell material was mixed with KBr as pellet and measured 
by IR spectrometer. 1H NMR spectroscopy was used to confirm that the core material was loaded inside 
the microcapsules. The microcapsules and CDCl3 were placed in a vial, and after 30 seconds, a small 
amount of the CDCl3 was collected. And then, the remaining microcapsules were destroyed and 
extracted with CDCl3. The thermal characteristics were analyzed by thermogravimetric analysis (TGA) 
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(Q500, TA instrument), at a heating rate of 10°C/min under nitrogen atmosphere. For isothermal studies, 
the microcapsules were heated from 25 to 400 °C (heating rate of 10℃/min) and then at 170 °C for 5 
h. The mass change was recorded through the entire experiment. 
 
3.2.5. Curing behavior of DSRTETs. 
 
The curing behavior of the DSRTET by the thiol-epoxy click reaction was characterized with an 
oscillatory rheometer (Thermo Scientific Inc., MARS Ⅲ) operated at a constant frequency of 1 Hz and 
strain of 0.5 % using small amplitude oscillatory shear (SAOS) mode at 25 °C. The samples were placed 
between two 20 mm disposable upper/lower parallel plates. The gap was adjusted to 1 mm. Curing 
behavior of DSRTET coatings were further investigated using rigid body pendulum physical properties 
tester (RPT, A & D Co. Ltd, RPT-3000w). In the RPT, the test piece coating plate was mounted on the 
heating/cooling block and was in contact with a cylinder via a knife (FRB-300). A free vibration was 
applied to the pendulum and the rate and period (damping) of the motion were recorded. When the 
crosslinking reaction occurs, the rate of the pendulum motion was decreased. 
 
3.2.6. Material properties of DSRTETs.  
 
To evaluate hardness and modulus of the DSRTET coatings, loading, holding, and unloading 
indentation measurements were taken using a nano-indentation tester (Anton-Paar, NHT3) by 
employing a Berkovich-type indenter. During the loading step, the force imparted by the indenter was 
gradually increased from 0 mN to 10 mN at a rate of 20 mN min-1. Then, in the holding step, the force 
was maintained at 10 mM for 10 s. And finally, the indenter was unloaded at the same absolute value 
of the rate as that of the loading. Through these three steps, the maximum displacement (hmax), 
permanent depth of penetration (final depth, hf), elastic unloading stiffness (S = dP/dh), indentation 
hardness (HIT), and indentation modulus (EIT) were obtained. Micro-scratch tests were performed using 
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a Rockwell C indenter (tip radius 10 μm) mounted on a scratch test machine (Anton Paar, micro-scratch 
tester). The test was conducted using three stages; pre-scan, scratching and post-scan. First, in the pre-
scan stage, the indenter was applied onto the surface with a low load of 0.4 mN to record the surface 
profile. Then, during the scratching stage, the force was also increased stepwise to 250, 500, 750, and 
1000 mN on the coating, and scratches with lengths of 2 mm each were made at a rate of 4 mm min-1. 
The tensile properties of the DSRTETs were determined by carrying out universal testing machine 
(UTM) (Instron, model 5982) with constant strain (2 mm min-1). The dimension of the specimens were 
50 mm × 12 mm × 1.5 mm and each samples were cured at 25°C for 24 hours. The color transition 
measurements during curing were obtained in real-time by using a multi-angle spectrophotometer 
(StellarNet, Inc., X-Rite MA98). 
 
3.3. Results and discussion 
 
In this study, we designed a dual stimuli responsive thiol-epoxy polymeric coating system which can 
visualize both the crack occurrence and pH variation by employing crack detectable AIE material and 
pH responsive thymol blue indicator (Figure 1.). The overall scheme and the materials used in this 
study were presented in Figure 2. 
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Figure 1. Self-reporting mechanism of DSRTET coatings. 
 
 
 
Figure 2. Schematic diagram and chemical structure of materials used in this study. 
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3.3.1. Microcapsules. 
 
Durable UF and PU based double shell type microcapsule was synthesized by sequential emulsion 
polymerization. The Size of the UF/PU microcapsules was controlled by changing agitation rate from 
600 to 1600 rpm. As can be seen in Figure 3., smooth and spherical microcapsules were obtained under 
all agitation condition. It was found that the average diameter and size distribution of the capsules were 
linearly decreased as increasing the agitation rate because increasing shear stress allows formation of a 
small and uniform emulsion droplet. 
 
The successful formation of double wall microcapsule was confirmed by FT-IR spectroscopy (Figure 
4. (a)). In the spectrum, broad absorbance peaks at 3660-3140 cm-1 were assigned to N-H and O-H 
stretching vibration, N-H scissoring vibration, C-O stretching vibration of urethane and urea group in 
PU and UF shells, respectively. In order to check successful microencapsulation of TPE solution in HA, 
the microcapsule was placed in two slide glasses, ruptured, and then analyzed. Characteristic 
absorbance peak at 1738 cm-1 from C=O stretching vibration in HA was observed, indicating the 
successful formation of the core filled microcapsules. 1H-NMR spectroscopy was also support the 
successful emulsion polymerization of the core filled microcapsule. The successful formation of the 
double wall microcapsule was proven by TGA data obtained from dynamic scanning experiment and 
isothermal analysis. The UF/PU double wall microcapsule showed superior thermal stability to that of 
PU single wall microcapsule. 
To verify the expression of AIE phenomenon from TPE, the microcapsule was placed between two 
glass slides, ruptured by pressing the glasses, and then analyzed using optical microscope (OM) with 
UV light source (Figure 4. (b)). As can be seen in the figure, intensive blue fluorescence was emitted 
from the ruptured microcapsule under UV light. On the other hand, no light emission was detected from 
the undamaged microcapsule, indicating that AIE phenomena was successfully suppressed by HA 
solvent. 
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Figure 3. Effect of agitation rate on diameter and size distribution of the microcapsule: (a) size 
distribution, (b) mean diameter, and (c) optical microscope images of the synthesized microcapsules. 
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Figure 4. Confirmation of the microcapsule formation: (a) FT-IR spectra of core material, UF/PU shell, 
and synthesized microcapsule and (b) optical microscope images of the undamaged and ruptured 
microcapsules obtained under white or UV light sources. 
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3.3.2 Curing behaviors of DSRTETs.  
 
To investigate effect of the microcapsule contents on the curing behaviors of DSRTETs, various epoxy 
thermosets with different microcapsule contents were prepared. The detailed formulation was 
summarized in Table 1. The viscoelastic property changes during thiol-epoxy crosslinking reaction of 
DSRTETs were characterized using oscillatory rheometer operated at room temperature. As shown in 
time vs E’ plot in Figure 5. (a), the storage modulus of all DSRTETs increased according to time 
evolution, indicating that the polymer formed the network structure. It was also found that the slopes in 
time vs E’ of DSRTETs were decreased with increasing microcapsule contents. This delayed curing 
time is attributed to lower thiol and epoxy group concentration per unit volume of DSRTETs which 
have higher microcapsule contents. Curing behavior of DSRTETs was further investigated using RPT 
method (Figure 5. (b)). As shown in time vs frequency plot, the steep decrease in frequency was 
observed, indicating that the polymer formed the network structure. In addition, it is observed that 
increase in the microcapsule contents of DSRTETs lead to decrease the rate of curing and the result is 
well consistent with the rheology data.  
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Figure 5. Curing behaviors of the DSRTETs: (a) time versus storage modulus plot of DSRTETs 
measured using the oscillatory rheometer and (b) time versus frequency plot of DSRTETs 
obtained from the RPT measurement. 
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3.3.3 Effect of microcapsule content on material properties.  
 
Figure 6. (a) shows typical load–displacement curves for nano-indentation tests carried out on the 
DSRTET coatings. All DSRTET coatings exhibited plastic deformation in response to applied normal 
forces. The HIT and EIT of the DSRTETs can be calculated by following equations. 
𝐻IT = 𝐹𝑚𝑎𝑥  / 𝐴𝑝  (𝑒𝑞. 1) 
𝐸IT = 𝐸
∗ ∙ (1 − 𝜐𝑠
2) (𝑒𝑞. 2) 
 
Where, Fmax, E*, Ap, and νs indicate maximum indentation normal force, plane strain modulus, the 
pressed area by perfect berkovich type indenter, and poisson’s ratio respectively. 
Figure 6. (b) shows the microcapsule contents vs HIT and EIT value plot. As the microcapsule contents 
in the coatings was increased, the hmax, hf, and S (in the unloading step values) gradually decreased 
because high concentration of microcapsule decreased the crosslinking density of the DSRTET coatings. 
Figure 7. shows tensile strain versus stress curve of DSRTET films measured using UTM. There 
shows the clear difference in the stress-strain curves depending on the microcapsule content. As 
increasing the microcapsule content, the model shifted to soft and tough from hard and brittle. The result 
is also attributed to different crosslinking density of the DSRTET specimens. The number of linked 
point of the polymer chains per unit volume decreased with increasing the microcapsule content. 
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Figure 6. The result of nano-indentation test of DSRTET coatings: (a) Load‐displacement 
curve and (b) changes in HIT and EIT values according to microcapsule contents. 
 
 
Figure 7. Tensile stress versus tensile strain plots for the DSRTET coatings. 
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3.3.4. Effect of microcapsule content on the crack sensitivity. 
 
The scratch test of the DSRTET coatings in response to a step-wise increase in the deforming load was 
conducted using the scratch tester to exert four sequentially increasing loads from 250 to 1000 mN and 
initiate formation of the fracture on the coating surface. As shown in panoramic images in Figure 8. 
(a), the surface of all DSRTET coatings begun to be scratched from 250 mN. The crack sensitivity of 
DSRTET coatings was investigated by exposing the scratched coating to 365 nm UV light. No 
florescence emission was observed from the C5-DSRTET coating since the concentration of 
microcapsule was too low. However, C15 and C25-DSRTET coatings showed clear and bright AIE 
effect from the ruptured microcapsules. In addition, the scratched surface of C15-DSRTET coating 
emitted the blue florescence from 250 mN, while the crack of the C25-DSRTET coatings was detected 
form 500 mN. The result is closely related to the HIT as well as microcapsule contents of the DSRTET 
coatings. As can be seen in Figure 8. (b), the penetration depth of the DSRTET coatings in response to 
the applied load was proportionally increased with increasing the microcapsule contents because of 
their low the HIT values. The higher penetration depth leads to the more microcapsules break. Note that 
the intensity of the blue florescence is proportional to the number of ruptured microcapsules. 
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Figure 8. Effect of microcapsule content on the crack sensitivity of DSRTET coatings subjected to step‐
wise‐increasing deforming load from 250 mN to 1000 mN: (a) optical microscope image of the cracked 
surface of DSRTET coatings under UV light (365 nm) and (b) penetration depths profiles as a function 
of lateral position of a line of the DSRTET coatings. 
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3.3.5. Effect of thymol blue contents on pH sensitivity.  
 
In order to optimize the color transition range, various epoxy thermosets with different thymol blue 
contents were prepared and their color transition in response to the chemical stimuli such as organic 
acid and base were investigated using solution drop test. As shown in Figure 9. (a), the color of the 
thiol-epoxy thermosets changed from pale green to red or blue after contact with aqueous 35 wt% HCl 
or 10 wt% NaOH solutions as expected. It is also observed that the contrast between the changed and 
original color of the thiol epoxy thermosets was increasing with increasing thymol blue contents. For 
further investigation, the color transition of the thiol epoxy thermosets was quantitatively analyzed 
using a multi-angle spectrophotometer. Figure 9. (b) shows the changes in the CIE values of each epoxy 
thermoset after dropping corresponding acid or base solution. Initially, the range of color transition of 
the thiol-epoxy thermoset was increased as increasing the thymol blue contents but gradually saturated 
at the concentration of 3.0%. Considering the color transition range and the contrast values, we can 
conclude that the optimized thymol concentration in this system is 3.0%. 
 
 
 
 
 
 
 
 
 
 
 
 
87 
 
 
 
Figure 9. Color transition of DSRTET coatings in response to acid or base solutions: (a) optical 
microscope images of DSRTET coatings and (b) the color transitions of the DSRTET coatings in CIE 
1931 color space before/after solution drop test. 
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3.3.6. Application of DSRTET coatings to the chemical container.  
 
In order to demonstrate the dual stimuli response crack reporting system, the C15-DSRTET was 
applied to a laboratory scale model chemical reservoir. As shown in Figure 10., both cracks on coating 
and reservoir were successfully detected by AIE effect and pH variation respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
89 
 
 
 
 
Figure 10. Application of the DSRTET coatings to the laboratory scale chemical reservoirs : (a) 
illustration of chemical reservoir design and dual stimuli responsive self-reporting mechanism and (b) 
actual crack test.  
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3.4. Conclusion 
 
The DSRTET coatings which can detect both crack occurrence and pH variation were successfully 
prepared by employing a double wall microcapsule containing core TPA solution in HA and thymol 
blue as a pH indicator.  
 
The curing behavior of the DSRTETs was characterized by oscillatory rheometer and RPT. In the both 
measurements, it was found that the rate of curing of DSRTETs was decreased with increasing 
microcapsule contents. This delayed curing time is attributed to lower thiol and epoxy group 
concentration per unit volume of DSRTETs which have higher microcapsule contents. 
 
The effect of microcapsule content on material properties of DSRTET coatings was investigated using 
nano-indentation and tensile tests. In nano-indentation test, all DSRTET coatings exhibited the plastic 
deformation, and both HIT and EIT were decreased with increasing the microcapsule content. In tensile 
test, as the microcapsule content in DSRTET coatings increases, the shape of the stress vs strain curve 
was shifted from hard and brittle to soft and tough model. The results are mainly attributed to different 
crosslinking density of the DSRTET films. The number of linked point of the polymer chains per unit 
volume decreased with increasing the microcapsule content. 
 
In order to optimize the AIE effect of DSRTET coatings in response to formation of crack in coating 
layer, the scratch patterns of various DSRTET coatings with different microcapsule contents were 
investigated using the scratch tester. It was revealed that the crack sensitivity of the DSRTET coatings 
is closely related to the HIT as well as microcapsule contents. 
 
The pH variation of DSRTET coatings with different thymol blue concentration was quantitatively 
analyzed using the multi-angle spectrometer. The color of DSRTET coatings was changed from pale 
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green to red for the acidic HCI solution and to blue for basic NaOH solution as expected. Considering 
color transition range and contrast values, we canclude that the optimum concentration of thymol blue 
in DSRTET coatings was 3.0 wt%. 
 
Finally, in order to demonstrate the dual stimuli response crack reporting system, the C15-DSRTET 
was coated on a laboratory scale model chemical reservoir. The detection of both crack occurrence at 
the DSRTET coating and acid/base chemicals spill caused by the leak at damaged container were 
successfully detected by AIE mechanism and pH variation. 
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Chapter 4. A Crack Repair Patch Based on Acrylated Epoxidized Soybean 
Oil 
 
4.1 Indroduction 
 
The safe transport and storage of chemicals are very important in the chemical industry. The majority 
of chemical spill accidents are caused by leaks from chemical transfer pipes or tanks, so the periodical 
maintenance of chemical facilities is vital. If cracks are found in transfer or storage units during such 
inspections, it is very important to block them rapidly using an emergency crack repair patch prior to 
crack recovery process in order to prevent the further spread of toxic chemicals.[1,2] 
 
The crack repairing materials developed so far can be classified into two categories: putties and patches. 
Putty-type repair materials are mostly fast-curing epoxy thermosets.[3–5] The advantages of such 
materials include excellent adhesion to steel substrates and resistance to toxic chemicals, but 
considerable time is required to mix the main resin and curing agent prior to use and it is difficult to 
apply them to a wet surface. On the other hand, patch-type repair materials consist of a pressure sensitive 
adhesive (PSA) coated onto a polymer film that can be immediately applied to damaged areas without 
any preparation steps.[6] However, one disadvantage of this approach is that leaking chemicals can 
degrade the surface adhesion of the repair material by swelling or dissolving the PSA. Thus, we aimed 
in this study to develop a new type of repair material with the advantages of both types described above. 
 
Soybean oil is a good candidate material for such a crack repairing system because it can easily be 
functionalized with various types of reactive groups such as acrylate,[7] epoxy,[8] and carboxylic acid 
groups,[9] it is suitable for UV-thermal dual-curing systems that involve sequential polymer network 
formation,[10–13] and by controlling its crosslinking density it can be used in many applications such 
as adhesives, pressure sensitive adhesives (PSAs), and coatings.[14–18] 
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Herein, we propose a novel UV-curable patch system with high chemical resistance and adhesion 
properties for the rapid blocking of cracks in chemical reservoirs. The basic procedure of its application 
is shown in Figure 1. In the first step, the patch is quickly attached to the damaged area in order to 
prevent further chemical spillage. In the second step, the attached patch is cured with a portable UV 
source in order to improve its adhesion properties and chemical resistance. Crosslinked acrylated 
epoxidized soy bean oil (AESO) samples with various compositions and crosslinking densities were 
prepared by reacting AESO with the triethylenetetramine (TETA) crosslinker, and tested as UV-curable 
PSA materials. In the UV-curing reaction, 2-hydroxy-2-methylpropiophenone (HDA) and 2,4,6-
trimethylbenzoyl-diphenyl phosphine (TBDP) were employed as photo-initiators. The curing behaviors 
and PSA performances of the UV- curable patch systems (AESO-PSAs) were quantitatively analyzed 
by using an oscillatory rheometer, a universal test machine (UTM), and a probe tack and shear strength 
tester. Finally, the optimized patch was applied to a laboratory scale chemical reservoir in order to assess 
its performance as a UV-curable leak repairing patch system for the prevention of chemical spills from 
cracked reservoirs. 
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Scheme 1. a) The synthesis of AESO-PSAs from renewable sources and b) the UV-radical 
initiators used in this study. 
 
 
Figure 1. Schematic overview of the UV-curable crack repair patch system. 
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4.2 Experimental 
 
4.2.1. Materials 
 
2-hydroxy-2-methylpropiophenone (HDA) and 2,4,6-trimethylbenzoyl-diphenyl phosphine 
(TBDP) were kindly donated by Miwon Specialty Chemical Co. Triethylenetetramine 
(TETA) and acrylated epoxidized soybean oil (AESO) were prepared as described in the 
literature. 
 
4.2.2. Preparation of AESO 
 
 [19] Epoxidized soybean oil (ESO) was synthesized via the reaction of SO (8.5 g) with peroxyacetic 
acid (was prepared in situ by reacting 3.5 g of 99.5% glacial acetic acid and 16.5 g of 30% H2O2 in the 
presence of catalytic amount of concentrated sulfuric acid) at 65℃ for 13.5. AESO was synthesized 
from the reaction of acrylic acid with ESO. The molar ratio of epoxy groups of ESO and acrylic acid is 
1 : 1.05. Triphenyl phosphine was used as catalyst and the concentration was 1.5wt% of the ESO and 
acrylic acid. Small amount of hydroquinone was added due to prevention of radical formation. The 
reaction mixture was stirred at 110℃ for 2 h. After the completion of reaction, the product was diluted 
in ethyl ether and washed with aqueous NaHCO3 and brine for several times. The oil phase was dried 
with Na2SO4 and concentrated by using a rotary evaporator at 50℃. 1H-NMR spectra of synthesized 
ESO and AESO were recorded using a 300 MHz NMR spectrometer (Bruker, Ultrashield) at ambient 
condition (Figure 2). The tetramethyl silane (TMS) singlet at 0 ppm was selected as the reference 
standards. Epoxy group contents of synthesized AESO was 2054 mmol/kg (determined by ASTM D-
1652). 
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Figure 2. 1H-NMR spectra of (a) acrylated epoxidized soybean oil (AESO), (b) epoxidized 
soybean oil (ESO) and (c) soybean oil (SO). 
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4.2.3. Preparation of the AESO-PSAs and PC-PSAs. 
 
The formulations of the AESO-PSAs are presented in detail in Table 1. The appropriate quantities of 
AESO, TETA, HDA, and TBDP were placed in plastic containers and mixed with a spatula at room 
temperature for 5 minutes. The mixtures were coated with a thickness of 100 µm onto PET films by 
using a micrometer-adjustable film applicator. The coated PET films were cured at 80°C for 2 hours 
and attached to a corona-treated PET film by using a 2 kg rubber roller. Competitive epoxy-amine and 
epoxy-acrylate reaction of AESO with TETA was monitored using FT-IR spectroscopy as shown in 
Figure 3 (Thermo Fisher Scientific Inc., Nicolet 6700/Nicolet Continuum). The UV-cured PSAs (PC-
PSAs) were obtained by UV-curing each AESO-PSA. The power of the UV source used in this 
experiment is 10.6 W/cm2. Degree of conversion of the curing reaction was calculated from the 
characteristic peak intensity ratio of stretching band at 1615 cm-1 and 1635 cm-1 of C=C group to 
carbonyl group band at 1712 cm-1 using FT-IR spectroscopy (Figure 4). 
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Table 1. Formulations of the ASEO-PSAs. 
 
Polymer Code AESO (g) TETA (g)  HDA (g) TBDP (g) 
ASEO-PSA1 100 1.5 0.75 0.75 
ASEO-PSA2 100 2.0 0.75 0.75 
ASEO-PSA3 100 2.5 0.75 0.75 
ASEO-PSA4 100 3.0 0.75 0.75 
 
 
 
Figure 3. The FT-IR spectra of (a) AESO and (b) AESO-PSA1. 
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Figure 4. a) Variation in FT-IR C=C band of AESO-PSA1 as a function of UV curing time b) 
time versus conversion curve of UV curing reaction of AESO-PSA1. 
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4.2.1. Thermal/UV Curing behaviors of the AESO-PSAs and PC-PSAs.  
 
The crosslinking reactions of the AESO-PSAs and PC-PSAs were characterized with an oscillatory 
rheometer (Thermo Scientific Inc., MARS Ⅲ) operated at a constant frequency of 1 Hz and a strain 
of 0.5% by using the small amplitude oscillatory shear (SAOS) mode at 80°C. The samples were 
placed between parallel plates, i.e., an 8 mm disposable aluminum upper plate and a 20 mm quartz 
lower plate. The temperature was adjusted by using a controlled test chamber (CTC) and UV light 
was supplied in a downward direction onto the sample, as shown in Figure 5. 
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Figure 5. a) Schematic diagram of a photo-curable device in an oscillatory rheometer; b) 
photograph of UV photo-curing within an oscillatory rheometer. 
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4.2.5. Material properties of the AESO-PSAs and PC-PSAs.  
 
To evaluate the viscoelastic properties of the AESO-PSAs, an oscillatory rheometer (Thermo 
Scientific Inc., MARS Ⅲ) was used in the frequency sweep mode. The PET films of the AESO-PSAs 
were applied to a stainless steel substrate by using a 2 kg rubber roller. The peel strength was 
determined after 2.54 cm of the film peeled away from the surface of 305 mm min-1, and the average 
obtained from at least five tests for each sample is reported. An inverted probe machine with Polyken 
Probe Tack (PT-1000, ChemInstruments, Inc.) was used to determine the tack strength of each AESO-
PSA. The thermal stabilities of the AESO-PSAs and PC-PSAs were determined by performing TGA 
(TA Instruments, TGA Q500) in the range 25–600°℃ at a rate of 10℃/min-1. The glass transition 
temperatures (Tg) of the crosslinked AESO-PSAs and PC-PSAs were determined with differential 
scanning calorimetry (DSC) (TA Instruments, DSC Q2000). In the DSC measurements, Tg was 
determined during the second heating ramp at 10°C/min in the range -60–20°C. The lap shear tests 
were carried out by using a Universal Testing Machine (UTM) (Instron, model 5982) with constant 
speed (1.3 mm/min-1) at the cross-head. The AESO-PSAs were positioned (25.4 mm * 12.7 mm) 
between plastic and iron specimens (25.4 mm * 101.6 mm) as shown in Figure 6. The specimens for 
the lap shear tests were cured thermally and with UV light. To evaluate the gel content, pieces of the 
AESO-PSAs and PC-PSAs (approximately 100 mg, Wd) were placed in toluene (2 mL) for over 48 
hours. The toluene was evaporated and the samples were dried (Wex) in a vacuum oven for 6 hours. 
The gel content was calculated with the formula (Wex/Wd) * 100%. 
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Figure 6. a) Schematic illustration of the lap shear test; b) photographs of a lap shear test 
specimen in the UTM. 
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4.2.6. Performances of the UV-Curable Repair Patch systems. 
 
The performance of each UV-curable crack repair patch system was evaluated by applying the patch 
to the cracked surface of a laboratory scale chemical tank. In this experiment, a circular crack 
(diameter 1 cm) was generated on the side of the chemical reservoir. The volume of the liquid 
chemical in the reservoir was 1 L. The fluid pressure (P) and force (F) on the cracked area (A) can be 
calculated with the following equations: 
𝑃 = 𝑃𝑎𝑡𝑚 +  𝜌𝑔ℎ (eq. 1) 
𝐹 = 𝑃𝐴 (eq. 2) 
where Patm, ρ, g, and h are the atmospheric pressure, the density of the chemical, gravitational 
acceleration, and the height of the cracked area in the chemical reservoir, respectively. 
The calculated P and F values are approximately 100 kPa and 8 N respectively. The calculations are 
described in detail in the supporting information (Figure 7). Crack repair patches with sizes varying 
from 2.25 cm2 to 12.25 cm2 were applied to the damaged area in the chemical reservoir tank and then 
cured by using a portable UV source and then a liquid chemical was poured into the chemical reservoir 
tank. The performances of the crack repair patches were quantified for several liquid chemicals by 
measuring the maximum leak prevention times. 
In order to demonstrate the crack repair patch system, AESO-PSA1 was applied to a cracked chemical 
reservoir (crack size is approximately 0.01cm2) filled with a liquid chemical and then cured by using a 
UV light source. 
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Figure 7. Calculation of the pressure and force on a cracked area due to dichloromethane. The 
velocity of the flow through the cracked area was estimated with the Bernoulli equation. 
 
109 
 
4.3. Results and Discussion 
 
4.3.1. Thermal and UV-curing behaviors.  
 
The thermal and UV-curing behaviors of the AESOs were investigated by using an oscillatory 
rheometer equipped with a CTC and a UV-source. Figure 8. (a) shows the thermal curing behaviors of 
the AESO-PSAs at 80℃. As shown in the plots of the storage modulus (G’) versus time, the G’ value 
increases as the epoxy-amine and acrylate-amine reaction progresses, which indicates that the polymers 
form crosslinked network structures. The progress of the reaction was monitored by the characteristic 
peak ratio of the intensity of the FT-IR band at 842 cm-1 corresponding to epoxy group and 1615 and 
1635 cm-1 corresponding to C=C group in acrylate moiety to the FT-IR band at 1750 cm-1 corresponding 
to carbonyl group in AESO. It was also found that the rate of the curing reaction and the saturated G’ 
values of the AESO-PSAs increase with increases in their TETA content. The AESO-PSAs with higher 
TETA contents exhibit a higher storage modulus as well as faster amine-epoxy ring opening and 
acrylate-amine reactions due to their higher amine group concentrations per unit volume. The UV-
curing behaviors of the AESO-PSAs were monitored under UV irradiation at 25℃ (Figure 8. (b)). As 
in the thermal curing experiments, the rapid increases in G’ during UV-curing with UV irradiation 
indicate that the AESO-PSAs form additional crosslinked structures during the UV-radical 
polymerization of the acrylate moieties. In this case, the rate of curing of the PC-PSAs is almost 
independent of their TETA contents due to the high UV-crosslinking reaction rate. However, it was 
found that the saturated G’ values of the PC-PSAs decrease with increases in their TETA content. Thus 
the AESO-PSAs with lower crosslinking densities have a higher polymer chain mobility and thus 
exhibit higher conversion efficiency in the UV-curing process. The gel content measurement data and 
the Tg values of the AESO-PSAs also support this trend (Tables 2, 3). 
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Figure 8. Curing behaviors of the AESOs measured with an oscillatory rheometer: a) epoxy-
amine curing behaviors of the AESO-PSAs at 80 ℃ and b) the UV-curing behaviors of the 
PC-PSAs. 
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Table 2. Material properties of the AESO-PSAs and PC-PSAs. 
 
Polymer Code Td (℃) Tg (℃) Gel Contents (%) 
ASEO-PSA1 275.8 -29.5 56 
ASEO-PSA2 298.3 -27.4 57 
ASEO-PSA3 299.7 -25.3 64 
ASEO-PSA4 300.0 -25.2 73 
PC-PSA1 308.3 -6.4 92 
PC-PSA2 305.1 -14.5 91 
PC-PSA3 304.9 -17.1 88 
PC-PSA4 302.2 -17.4 83 
 
 
Table 3. Adhesion properties of the PC-PSAs. 
 
Polymer Code Lap Shear (KPa) Polymer Code Lap Shear (KPa) 
AESO-PSA1 4.45 PC-PSA1 222.4 
AESO-PSA2 6.19 PC-PSA2 164.15 
AESO-PSA3 5.38 PC-PSA3 93.9 
AESO-PSA4 4.05 PC-PSA4 88.15 
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4.3.2. Thermal properties of the AESO-PSAs and PC-PSAs. 
 
The thermal stabilities of the AESOs were investigated by using TGA (Figure 9.). As can be seen in 
Figures 9. (a) and (c), both the Td and Tg values of the AESO-PSAs decrease linearly with increases in 
the TETA content (AESO-PSA1 < AESO-PSA2 < AESO-PSA3 < AESO-PSA4). This trend is attributed 
to the different crosslinking densities of the different ASEO-PSAs. In general, a polymer network with 
a higher crosslinking density exhibits a higher Td value and a higher Tg value. Similarly, both the Td and 
Tg values of the PC-PSAs increase after the UV-crosslinking reaction when compared to those of the 
corresponding ASEO-PSAs (Figures 9. (b) and (d)). However, in the case of the PC-PSAs, both Td and 
Tg decrease with increases in the TETA content. Thus the crosslinking densities of the PC-PSAs are 
inversely proportional to their TETA contents.  
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Figure 9. Thermal properties of the AESOs: TGA pyrograms of a) the AESO-PSAs and b) the 
PC-PSAs, and DSC thermograms of c) the AESO-PSAs and PC-PSAs. 
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4.3.3. Performances of the AESO-PSAs.  
 
The performances of the AESO-PSAs were characterized by using a peel and probe tack 
tester. As shown in Figure 10. (a), both the peel and the tack strength of the AESO-PSAs 
decrease with increases in their crosslinking densities (AESO-PSA1 < AESO-PSA2 < AESO-
PSA3 < AESO-PSA4). In general, the performance of a PSA is closely related to its viscoelastic 
properties. It is known that the ideal PSA requires a low bonding plateau modulus (G’ and G’’) 
at low (bonding) frequencies and high energy dissipation (high G”) at high (de-bonding) 
frequencies. We demonstrated with rheology experiments that both the G’ and G’’ values of the 
AESO-PSAs increase with increases in the crosslinking density at bonding frequencies, 
whereas the G’’ and tan δ values are inversely proportional to the crosslinking densities of the 
PSAs at de-bonding frequencies (Figures 10. (b) - (d)). AESO-PSA1 has the lowest bonding 
plateau modulus and the highest energy dissipation at high frequencies and so exhibits the best 
PSA performance. The trends in these results are in good agreement with the general PSA 
performance-viscoelastic properties relationship described above. 
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Figure 10. Adhesion properties and viscoelastic responses of the AESO-PSAs: a) peel and tack 
strengths, b) frequency versus storage modulus plots, c) frequency versus loss modulus plots, 
and d) frequency versus tan δ plots. 
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4.3.4. The adhesion properties of the PC-PSAs.  
 
The lap shear strengths of the PC-PSAs were tested within a PE and steel interface by using 
a UTM. As shown in Figure 11. and Table 3, the lap shear strength values decrease with 
increases in the crosslinking density of the AESO-PSAs (AESO-PSA1 < AESO-PSA2 < 
AESO-PSA3 < AESO-PSA4). An AESO-PSA with a lower crosslinking density enables the 
conversion of the acrylate moiety to a higher degree as well as a higher rate of diffusion into 
the steel substrate due to the higher polymer chain mobility. The results of the PSA performance 
and adhesion property tests confirm that AESO-PSA1 is the most suitable formulation for the 
UV-curable crack repairing patch system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
117 
 
 
 
Figure 11. Strength versus strain curves for the PC-PSAs and AESO-PSAs. 
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4.3.5. Assessment of the UV-curable crack repair patch system.  
 
In order to assess the performance of the UV-curable crack repair patch system, UV-curable 
crack repair patches based on AESO-PSA1 with a size of 2.5 cm x 2.5 cm were patched onto 
the cracked surfaces of laboratory scale chemical reservoirs containing various chemicals such 
as acids, bases, and organic solvents, and then cured under the portable UV source. In this 
experiment, the mean crack size in the chemical reservoir and the fluid pressure on the cracked 
area were adjusted to 0.79 cm2 and 100 kPa respectively. As shown in Table 4, the breaching 
of most chemicals was successfully inhibited for 48 h by patching the crack with the repair 
patch. However, it was found that the performance of the patch system was inferior for the 
organic solvents acetone, chloroform, dichloromethane, and diethyl ether. These results can be 
interpreted in terms of the thermodynamics of the polymer solution. 
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Table 4. Crack repair performances of AESO-PSA1 and PC-PSA1 (2.5 cm x 2.5 cm). 
 
Chemicals 
Hansen Solubility Parameter 
δ (MPa1/2) 
Holding Time (s) 
AESO-
PSA1 
PC-PSA1 
n-Hexane 14.9 > 50,000 > 50,000 
Triethyl amine 15.2 > 50,000 > 50,000 
Diethyl ether 15.4 623 4380 
Dichloromethane 19.0 87 627 
Acetone 19.9 329 6156 
Chloroform 20.2 73 1423 
Acetonitrile 24.4 > 50,000 > 50,000 
Ethanol 26.5 > 50,000 > 50,000 
Methanol 29.6 > 50,000 > 50,000 
Sulfuric acid (10% aq.) N/A > 50,000 > 50,000 
Hydrochloric acid (10% 
aq.) 
N/A > 50,000 > 50,000 
Sodium hydroxide (10% 
aq.) 
N/A > 50,000 > 50,000 
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Thermodynamics requires that the free energy of mixing (∆𝐺𝑚𝑖𝑥) must be zero or negative for 
a solution process to occur spontaneously.[20] The free energy change for a solution process is 
given by the equations: 
∆𝐺𝑚𝑖𝑥 =  ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 (eq. 3) 
∆𝐻𝑚𝑖𝑥 =  ∅𝑝∅𝑠 𝑉𝑚(𝛿𝑝 − 𝛿𝑠)
1/2
 (eq. 4) 
where ∆𝐺𝑚𝑖𝑥, ∆𝐻𝑚𝑖𝑥, T, and ∆𝑆𝑚𝑖𝑥 are the free energy change of mixing, the enthalpy change 
of mixing, the absolute temperature, and the entropy change of mixing, and ∅𝑝, ∅𝑠, 𝑉𝑚, 𝛿𝑝, 
and 𝛿𝑠 are the volume fractions of the polymer and solvent respectively, the volume of the 
polymer solution, and the Hansen solubility parameters of the polymer and solvent, 
respectively.[21] 
 
 Equation 4 yields only zero or positive values for ∆𝐻𝑚𝑖𝑥 and predicts that mixing becomes 
more favorable as the difference between the volume fractions of the two components 
decreases, with ∆𝐻𝑚𝑖𝑥 = 0 when 𝛿𝑝 = 𝛿𝑠. Since the Hansen solubility parameter of AESO is 
approximately 21 MPa1/2, which is very similar to those of diethyl ether (15.4 MPa1/2), 
dichloromethane (19.0 MPa1/2), acetone (19.9 MPa1/2), and chloroform (20.2 MPa1/2), these 
solvents can effectively dissolve or swell the AESO adhesive.[19]  
 
The UV-crosslinked AESO-PC1 patch was found to exhibit a leak repair performance superior 
to that of the AESO-PSA1 patch due to its higher crosslinking density and adhesion strength. 
In addition, it was found that the crack repair performances of the AESO-PSA1 and AESO-
PC1 patches improve with increases in the patch size from 2.25 to 12.25 cm2 (Figure 12.). 
 
Finally, the repair patches were applied to actual cracks in chemical tanks (Figure 13.). In this 
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case, the fluid pressure value and the crack size were much smaller than in the assessment 
described above. Both the AESO-PSA1 and AESO-PC1 patches were found to exhibit good 
crack repair performance but as expected the chemical resistance of the UV-crosslinked AESO-
PC1 patch is much higher than that of the AESO-PSA patch. 
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Figure 12. The variation with patch size in crack repair performance. 
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Figure 13. Application of repair patches to cracks in the surface of a laboratory scale chemical 
tank (contained chemical: chloroform). 
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4.4. Conclusion 
 
In this study, a novel UV-curable crack repair patch with high chemical resistance and 
adhesion properties was successfully prepared by employing AESO, TETA, HDA, and TBDP. 
The curing behaviors of the AESOs were characterized with an oscillatory rheometer. The 
rate of curing and the saturated G’ values of the AESO-PSAs increase with increases in their 
TETA content due to the resulting increase in the local concentration of amine groups per unit 
volume. On the other hand, the saturated G’ values of the PC-PSAs decrease with increases in 
their TETA content because the PC-PSAs with a lower crosslinking density exhibit higher chain 
mobility during the UV-curing process. 
The performances of the AESO-PSAs were assessed by using peel testing and probe tack 
measurements. It was found that the peel and tack strength of the AESO-PSAs decrease with 
increases in the TETA content. These results are mainly due to the variation in the G’ and G’’ 
values at bonding and de-bonding frequencies. The adhesion properties of the PC-PSAs were 
characterized by using tensile testing and it was found that their adhesion decreases with 
increases in the crosslinking density of the AESO-PSAs due to the resulting variation in 
polymer chain mobility. 
Finally, the UV-curable crack repair patch was applied to a cracked area on the surface of a 
laboratory scale model chemical reservoir to assess its crack repair performance and it was 
demonstrated that this system is very effective in the prevention of chemical spill accidents 
caused by the formation of cracks in chemical reservoirs and transfer pipes. 
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